The role of broad-host range IncP-1ε plasmids in the dissemination of antibiotic resistance in agricultural systems has not yet been investigated. These plasmids were detected in total DNA from all of 16 manure samples and in arable soil based on a novel 5 -nuclease assay for real-time PCR. A correlation between IncP-1ε plasmid abundance and antibiotic usage was revealed. In a soil microcosm experiment the abundance of IncP-1ε plasmids was significantly increased even 127 days after application of manure containing the antibiotic compound sulfadiazine, compared to soil receiving only manure, only sulfadiazine, or water. Fifty IncP-1ε plasmids that were captured in E. coli CV601gfp from bacterial communities of manure and arable soil were characterized by PCR and hybridization. All plasmids carried class 1 integrons with highly varying sizes of the gene cassette region and the sul1 gene. Three IncP-1ε plasmids captured from soil bacteria and one from manure were completely sequenced.The backbones were nearly identical to that of the previously described IncP-1ε plasmid pKJK5. The plasmids differed mainly in the composition of a Tn402-like transposon carrying a class 1 integron with varying gene cassettes, IS1326, and in three of the plasmids the tetracycline resistance transposonTn1721 with various truncations. Diverse Betaand Gammaproteobacteria were revealed as hosts of one of the IncP-1ε plasmids in soil microcosms. Our data suggest that IncP-1ε plasmids are important vectors for horizontal transfer of antibiotic resistance in agricultural systems.
INTRODUCTION
Spreading manure on agricultural soils was recently shown to promote spreading of transferable antibiotic resistances and residual veterinary medicines in agricultural soils (reviewed in Schauss et al., 2009; Heuer et al., 2011) . Frequencies at which sulfadiazine (SDZ) resistance plasmids were captured from soil bacteria into E. coli were found to be higher for soils treated with manure than for soils that did not receive manure . Treatment of soil with manure spiked with SDZ resulted in significantly higher transfer frequencies compared to non-spiked manure . A survey of field-scale manure slurries used for soil fertilization revealed that antibiotic resistance plasmids could easily be captured into E. coli from the different manures (Binh et al., 2008) . A large proportion of the plasmids could be assigned to known plasmid groups by DNA-hybridization and PCR. Remarkably, 13 of the plasmids captured gave a strong PCR product with primers targeting the trfA gene of IncP-1 plasmids (Götz et al., 1996) but did not hybridize with the probes derived from the two reference plasmids RK2 (IncP-1α) and R751 . The trfA PCR products were cloned and sequenced and shown to be almost identical to the recently sequenced IncP-1ε plasmid pKJK5 (Binh et al., 2008) .
Plasmids of the IncP-1 group are considered as one of the best studied plasmid groups. For decades, plasmids belonging to this incompatibility group have attracted the attention of molecular biologists and ecologists because of their efficient conjugative transfer to and their stable replication in a wide range of Gramnegative bacteria (Thomas, 2000) . IncP-1 plasmids were originally designated as clinical plasmids because the prototype IncP-1α plasmid RK2 and the IncP-1β plasmid R751 were originally isolated from clinical strains (Pansegrau et al., 1994; Thorsted et al., 1998) . The complete sequences of these two plasmids enabled the development of a PCR-based plasmid detection system (Götz et al., 1996) that virtually replaced the older hybridization method using incompatibility group-specific probes (Couturier et al., 1988) . This greatly facilitated the detection of IncP-1 specific sequences not only in isolated strains and plasmids but also in microbial community DNA directly extracted from diverse environments. While earlier characterization of a few catabolic IncP-1 plasmids had already shown that IncP-1 plasmids occur in environmental as well as clinical isolates, only PCR-based detection in combination with Southern blot hybridization revealed that these plasmids were certainly not confined to the clinical environment but instead were frequently found in various environments such as soil, sediments, sewage, or manure (Götz et al., 1996; Heuer et al., 2002) . Often the abundance of populations carrying these plasmids seemed to be related to pollution (Smalla et al., 2000 (Smalla et al., , 2006 . Based on comparative genomics, the basic structure of the first set of described IncP-1 plasmids has been confirmed for many others by now (Schlüter et al., 2007; Sen et al., 2011) . Besides their backbone functions for vegetative replication, stable maintenance, and transfer the accessory genes, that are typically found in between the blocks of backbone functions at up to three regions of insertion, confer resistances to nearly all clinically important classes of antimicrobial drugs, quaternary ammonium compounds, and mercury resistances or encode degradation of man-made compounds. However, the increasing number of completely sequenced IncP-1 plasmids also showed that there are additional groups of IncP-1 plasmids that clearly differ in their backbone from the IncP-1α and the IncP-1β plasmids. Thus novel subgroups often represented by one plasmid at the time have been proposed (Vedler et al., 2004; Haines et al., 2006; Bahl et al., 2007) . Since these plasmids were too divergent in genome sequence from the IncP-1α and IncP-1β plasmids to be detected by means of the primer systems developed by Götz et al. (1996) , new primer systems for detection of IncP-1 plasmids were published by Bahl et al. (2009) to encompass at least the known diversity of IncP-1 plasmids. The environmental distribution of the recently discovered IncP-1 subgroups is not well explored yet.
In the present study we aimed to explore the abundance of IncP-1ε plasmids and their role in dissemination of antibiotic resistance genes in the agro-ecosystem. A real-time PCR system was established to provide quantitative data on the abundance of populations carrying IncP-1ε plasmids in manure slurries and in agricultural soils, and how this correlates with selective pressure by antibiotics. We report on the characterization of 50 plasmids exogenously captured from manure, bulk, and rhizosphere soil samples of independent micro-, and mesocosms and field experiments that were assigned to the IncP-1ε group. The host range of one of the plasmids was determined in a soil microcosm experiment. The complete genome sequences of four IncP-1ε plasmids were analyzed and compared to the prototype pKJK5. As all four IncP-1ε plasmids contained class 1 integrons we hypothesized that antibiotic resistance gene cassettes might drive the diversification of IncP-1ε plasmids. To prove this hypothesis all exogenously captured plasmids assigned to the IncP-1ε group were analyzed for the presence of class 1 integron gene cassettes and the size of the gene cassettes integrated.
MATERIALS AND METHODS

SAMPLES AND PLASMID CAPTURE
Soil microcosm experiments were set up to investigate the effects of manure and SDZ on the abundance of antibiotic resistance plasmids. For each microcosm, 2 kg of top soil from an arable field near Kaldenkirchen, Germany [Gleyic Cambisol, 3.6% clay, 23.1% silt, 73 .3% sand, pH (CaCl 2 ) 5.5, organic C 1.7%, maximal water holding capacity 27%] was mixed either with 80 g manure slurry or water (both either with or without addition of 16 mg SDZ and 16 mg acetyl-SDZ), and adjusted to 30% of the maximum water holding capacity. For each of these four treatments, four replicate microcosms per sampling time (29, 57, 127 days after treatment) were prepared and incubated at 10˚C in the dark. The agricultural soils (silty sand; sandy loam; silt) that were not fertilized with manure for more than 10 years, originated from an experimental plot in Großbeeren (Germany).
The plasmids analyzed in the present study were obtained from manure (Heuer et al., 2002; Binh et al., 2008) and soil from an independent microcosm , mesocosm, and field experiments. Capture of plasmids from soil bacteria in the plasmid-free rifampicin resistant E. coli CV601 gfp recipient was done as previously described (Binh et al., 2007) . Briefly, soil was shaken with glass beads for 2 h in 1:10 diluted Tryptic Soy Broth (BD Diagnostic Systems, Heidelberg, Germany) at 20˚C, and mixed with E. coli cells. Coarse particles were settled out, cells from supernatants were pelleted and transferred to a membrane filter on Plate Count Agar (PCA; Merck, Darmstadt, Germany). After overnight incubation at 28˚C, the suspended mating mixtures were spread plated on Mueller-Hinton agar NCCLS (Merck) supplemented with SDZ and rifampicin to select for transconjugants that captured a sulfonamide resistance plasmid. Plasmid pKS77 was obtained from pig manure as previously described (Heuer et al., 2002) . Plasmid pKJK5 was kindly provided by the group of S. Sørensen, University of Copenhagen.
PLASMID ISOLATION AND CHARACTERIZATION BY PCR AND SOUTHERN BLOT ANALYSIS
Plasmid DNA was isolated from cell pellets harvested from colonies freshly grown on PCA using the Qiagen plasmid isolation kit. Restriction enzyme digestion of plasmid DNA, Southern blotting, and hybridization were done as described by Binh et al. (2008) . The digoxigenin-labeled trfA probe was generated from PCR products obtained with the primers described by Bahl et al. (2009) from pKJK5. The intI1 gene derived probes were generated by digoxigenin labeling of PCR products obtained from Salmonella enterica AM237806. Primers targeting intI1, and PCR conditions were as described by Moura et al. (2010) . The aadA probe used was a mixed probe generated from aadA1, aadA2, aadA9, and aadA13 (Binh et al., 2009 ). The plasmid DNA was analyzed for the presence of the sul1 gene and of IncP-1ε trfA (this study) by real-time PCR.
HOST RANGE STUDY
The host range of the IncP-1ε plasmids pHH3414 in rhizosphere soil was determined by introducing E. coli CV601gfp pHH3414 (∼1 × 10 6 colony forming units per gram of soil) into soil microcosms planted with Acacia caven. The soil was previously treated with manure. After 4 weeks, serial 10-fold dilutions of rhizosphere and bulk soil in sterile saline were plated onto MuellerHinton agar NCCLS (Merck) supplemented with cycloheximide (100 mg l −1 ), tetracycline (5 mg l −1 ), SDZ (100 mg l −1 ), and streptomycin (50 mg l −1 ) for selection of putative transconjugants (recipients of plasmid pHH3414). Gfp negative colonies grown on selective media for transconjugants were picked, re-streaked, and cell lysates were screened by IncP-1ε PCR. The genomic and plasmid DNA extracted from transconjugants (IncP-1ε PCR positive colonies) were further characterized by BOX-PCR and SphI plasmid restriction digests, respectively, as previously described (Smalla et al., 2006) .
TOTAL COMMUNITY DNA
The total DNA from manure was the same as used by Binh et al. (2008 Binh et al. ( , 2009 . Total DNA from soil samples (soils sieved through a 2 mm mesh size) was extracted using the FastPrep FP120 bead beating system for cell lysis in conjunction with the FastDNA SPIN Kit for Soil, and the GeneClean Spin Kit for purification of the extracted DNA (Qbiogene, Carlsbad, CA, USA).
QUANTITATIVE PCR TARGETING IncP-1ε PLASMIDS OR 16S rRNA GENES
Ribosomal gene targets in total DNA were quantified by 5 -nuclease assays in real-time PCR as previously described (Suzuki et al., 2000; Heuer and Smalla, 2007) . Analogously, the trfA gene copies of IncP-1ε plasmids were determined, using primers trfAε941f (ACGAAGAAATGGTTGTCCTGTTC), trfAε1014r (CGTCAGCTTGCGGTACTTCTC), and the Taqman probe trfAε965tp (FAM-CCGGCGACCATTACAGCAAGTTCAT TT-TAMRA). Standard dilutions were generated from a gelpurified PCR product of the 281 bp trfA fragment amplified from plasmid pHH3408 using previously described primers (Bahl et al., 2009) . Quantitative PCR was performed in a CFX96 real-time PCR detection system (Bio-Rad, Munich, Germany). PCR reactions contained standard or environmental DNA, 1.25 U TrueStart Taq DNA polymerase and buffer (Fermentas, St. Leon-Rot, Germany), 0.2 mM of each deoxynucleoside triphosphate, 2.5 mM MgCl 2 , 0.1 mg ml −1 BSA, and 0.3 μM of primers and probe in 50 μl. Thermocycles were 5 min 95˚C, and 40 cycles consisting of 15 s 95˚C and 60 s 60˚C. Effects of manure and SDZ on the relative abundance of IncP-1ε plasmids in soil were analyzed by ANOVA using the procedure MIXED for repeated-measures comparison included in the statistical software package SAS 9.2 (SAS Institute, Cary, NC, USA).
SEQUENCE ANALYSIS
Sequencing of shotgun libraries from the plasmids, sequence assembly, and gap closure by primer walking were performed by the U.S. Department of Energy Joint Genome Institute (Walnut Creek, CA, USA). Automatic annotation was carried out by the J. Craig Venter Institute Annotation Service 1 followed by manual annotation. Similarities of the plasmid sequences to other plasmids, transposons, IS elements, and integrons were found by BLASTN searches of GenBank 2 . Putative open reading frames in the complete nucleotide sequences were compared by BLASTN searches to GenBank sequences. Additional searches for genes, operons, promoters, and terminators were done using FGENESB, BPROM, and FindTerm at www.softberry.com (Softberry, Mount Kisco, NY, USA). The sequence data have been submitted to the DDBJ/EMBL/GenBank databases under accession numbers JQ004406-JQ004409.
RESULTS
ABUNDANCE OF IncP-1ε PLASMIDS IN BACTERIAL COMMUNITIES OF MANURE AND SOIL
To quantify IncP-1ε plasmids in total community DNA from manure and soil samples, a 5 -nuclease assay for real-time PCR specifically targeting the replication initiation gene trfA of these plasmids (trfAε) was developed and applied. The abundance of the trfAε gene in total DNA from manure relative to the rrn copy number varied from 10 −1 to 10 −5 ( Table 1) . A higher relative abundance of the trfAε gene was observed in total DNA from manure obtained from pig producing facilities with large numbers of pigs, high-throughput piglet production, or documented usage of several antibiotic compounds ( Table 1) . In these farms, a high antibiotic usage is typical because of metaphylactic application in large herds and prophylactic application at weaning of piglets. In contrast, manure from small pig producing facilities had up to four orders of magnitude lower abundances of IncP-1ε plasmids, especially farm no. 13 which did not apply any antibiotic compounds recently. The correlation of plasmid abundance with antibiotic usage suggested that these plasmids from manure typically carry accessory antibiotic resistance genes. We investigated whether manure application on agricultural soil could increase the abundance of resistance plasmids in the environment. In a microcosm experiment, addition of antibiotic-free manure or the antibiotic SDZ to arable soil did not increase the level of IncP-1ε plasmids compared to untreated soil (Figure 1) . However, when manure was added to soil that was spiked with SDZ at a concentration typical for manure from SDZ-treated pigs, the abundance of IncP-1ε plasmids was significantly increased compared to the other treatments (two-way ANOVA, P = 0.025). This indicated a synergistic effect of manure and SDZ causing an enrichment of bacteria that carry sulfonamide resistance conferring IncP-1ε plasmids within the soil community. An accumulation of these plasmids due to the repeated treatment was not observed. In three different agricultural soils from an experimental plot that had only received mineral fertilizer for more than 10 years, the abundance of the trfAε gene relative to the rrn copy number varied around 10 −5 (data not shown).
CAPTURING IncP-1ε PLASMIDS FROM MANURE TREATED SOIL
Fifty conjugative plasmids that were exogenously captured from manure, bulk soil, and rhizosphere bacteria into E. coli CV601gfp based on the acquired SDZ resistance were assigned to IncP-1ε based on DNA-hybridization with a pKJK5 derived trfA probe or by means of the IncP-1ε specific real-time PCR. The isolation of IncP-1ε plasmids from independent microcosms, mesocosms, and field experiments indicated a widespread dissemination of IncP-1ε plasmids in agricultural soils. In all IncP-1ε plasmids the SDZ resistance gene sul1 and the integrase gene intI1 of class 1 integrons were detected ( Table 2) . PCR amplification with primers targeting the regions flanking class 1 integrons revealed that three plasmids carried empty integrons (size of the fragment 300 bp) while all others carried gene cassettes of different sizes ranging from 500 to 4000 bp ( Table 2) . Southern blot hybridization of PCR amplified gene cassettes showed that 30 IncP-1ε carried the aadA gene. The complete sequence of four of the plasmids was determined.
HOST RANGE
To investigate the host range of IncP-1ε plasmids, E. coli CV601gfp carrying pHH3414 was introduced into soil microcosms planted with A. caven. PCR screening of 30 gfp negative bacteria from the rhizosphere of A. caven grown on selective media for resistances conferred by pHH3414 resulted in six IncP-1ε positive isolates. BOX-PCR revealed that the transconjugants exhibited four different BOX patterns that were clearly distinct from BOX patterns of the donor E. coli CV601gfp pHH3414. The SphI restriction patterns of plasmid DNA isolated from putative transconjugants were identical to the restriction patterns of plasmid pHH3414. Partial sequencing of the 16S rRNA gene of the transconjugants showed that they were affiliated to Beta-and Gammaproteobacteria. Three isolates displayed the highest sequence similarity to Enterobacter amnigenus (758/759). The 16S rRNA gene sequence of the other isolates had the highest sequence similarity to Xanthomonas codiaei (618/621), Cupriavidus campinensis (789/789), and Alcaligenes sp. (793/797).
COMPLETE SEQUENCE OF IncP-1ε PLASMIDS
The complete genome sequences of four IncP-1ε plasmids that conferred sulfonamide resistance (pKS77, pHH3414, pHH128, and pHH3408) were obtained and analyzed. Plasmids pHH128, pHH3408, and pHH3414 originated from an arable field soil near Kaldenkirchen (Germany), and were captured 8, 57, or 85 days after manure application, respectively. Plasmid pKS77 was exogenously isolated from pig manure. The backbone of all four plasmids was 99.9% identical to that of pKJK5, the first published complete sequence of the IncP-1ε plasmids (Figure 2) . It comprised genetic modules for replication, partitioning and regulation, mating pair formation and conjugative transfer, and a region with genes of unknown function. In all four plasmids two accessory regions were inserted into the 5 part of parA, which was partially deleted and may not be functional. The identity of backbones and insertion sites among the plasmids suggested a very recent spread from a common ancestor. One of the insertions in all the plasmids is similar to the IS-element ISPa17 (Figure 3) . The flanking 25 bp inverted repeats are the targets for the transposase tnpA, and the 6 bp direct repeats generated during transposition are still present in all the plasmids. The second insertion site in parA contains a Tn402-related transposon that carries the ISelement IS1326 and a class 1 integron. The plasmids differ in the gene cassettes that were captured into the attachment site of the integron. They harbor aadA (pHH3414), aadB (pKS77), or aadA1b, dfrA1b, and two copies of catB (pHH128), or were devoid of any gene cassette (pHH3408). The sul1 gene in the 3 conserved segment of the integrons conferred sulfonamide resistance. The transposition modules tniABQC (Rådström et al., 1994) of the Tn402-like transposons were 3 truncated to a different extent, and replaced by a more or less truncated derivative of the tetracycline resistance transposon Tn1721, except for plasmid pHH3408 (Figure 3) . All Tn402-related transposons were flanked by inverted and direct repeats. Interestingly, a fragment of the IncP-1α oriV was found in plasmid pHH128 and pKS77 adjacent to IS1326, suggesting recombination between these incompatible plasmids.
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DISCUSSION
Independent isolations of IncP-1ε plasmids and their detection in total community DNA by quantitative PCR showed that these plasmids are widely distributed in agricultural soils and pig manure. Previous attempts to detect IncP-1 plasmids in total community DNA from various environments must have missed this plasmid group as the trfA sequence of IncP-1ε plasmids shared less than 75% sequence identity in the region used for probes generated from RP4 or R751 (Götz et al., 1996) . The present study adds 50 novel plasmids to this subgroup which was previously proposed by Bahl et al. (2009) based on two representatives. Very recently, three other IncP-1ε plasmids exogenously isolated from Norwegian agricultural soils were completely sequenced (Sen et al., 2011) . In contrast to the completely sequenced plasmids of our study, the backbone genes of the Norwegian plasmids were considerably divergent from those of the reference plasmid pKJK5. They did not carry integrons, while on all exogenously isolated plasmids of the present study class 1 integron components (intI1, sul1, gene cassettes) were detected. With the exception of plasmid pKS77, all plasmids were captured based on the SDZ resistance conferred to www.frontiersin.org E. coli CV601gfp. Therefore the finding that all IncP-1ε plasmids carried a class 1 integron might be not too surprising as these integrons often carry a sul1 gene. In contrast, the Norwegian plasmids were captured based on the mercury resistance that they confer to the recipient (Sen et al., 2011) . Although restriction analysis of plasmid DNA indicated a remarkable diversity of the plasmids captured in our study, the complete sequence determined for four of the plasmids showed that the backbones comprising modules for replication, partitioning and regulation, mating pair formation and conjugative transfer, and a region of unknown function were almost identical with the backbone sequence of the reference plasmid pKJK5. The identity of the backbone and of insertion sites suggested a very recent spread from a common ancestor. As previously reported for pKJK5, a fragment of the IncP-1α oriV was found in plasmid pHH128 and pKS77 adjacent to IS1326, indicating recombination between incompatible plasmids. This finding is in agreement with other evidence in IncP-1 genome sequences that recombination between IncP-1 plasmids is occurring despite incompatibility (Schlüter et al., 2003; Norberg et al., 2011) .
One of the drawbacks of exogenous isolation directly from soil bacteria is that the original hosts remain unknown. Therefore, E. coli CV601gfp carrying plasmid pHH3414 was introduced into soil planted with A. caven. The soil was amended with manure to stimulate plasmid transfer processes. Plasmid pHH3414 was chosen as the level of soil bacteria resistant toward tetracycline and SDZ was relatively low. After 4 weeks the numbers of the gfp-tagged E. coli significantly dropped and gfp negative colonies with Tc and SDZ phenotype could be picked. Although only cultivable hosts of IncP-1ε plasmids can be identified using this strategy stable replication is a prerequisite for detection. The host range determined in the rhizosphere of A. caven for pHH3414 was mainly confined to Beta-and Gammaproteobacteria and thus confirms the host range suggested for IncP-1 plasmids by analyzing the genomic signatures for host identification (Suzuki et al., 2010; Norberg et al., 2011) . Several other strategies were previously used to determine the host range of plasmid pKJK5. Tagging of both the donor and the plasmids allowed a cultivation-independent quantification of donors and transconjugants (Mølbak et al., 2003) . In another study by Mølbak et al. (2007) transconjugants mainly belonged to the family Enterobacteriaceae or the genus Pseudomonas. In order to determine the host range of pKJK5 in the rhizosphere of barley, Musovic et al. (2006) inoculated Pseudomonas putida harboring lacI q with a gfp-tagged pKJK5. Transconjugants were obtained after sorting by flow cytometry. The identity of putative transconjugants was determined by cloning and sequencing, and for the first time conjugal transfer of IncP-1ε plasmids to Gram-positive bacteria was documented (Arthrobacter). As the transconjugants have not been cultured, the potential of IncP-1ε plasmids to replicate in Arthrobacter still needs to be confirmed. Differences in the spectrum of hosts reported for IncP-1ε plasmids might be explained by differences in bacterial community composition, but the detection methods are also assumed to have an effect. While homologous recombination might play an important role in the adaptation to different host backgrounds, class 1 integron gene cassettes seem to be important drivers of diversification to selective pressure posed by antibiotics. This assumption is further supported by the recent report by Guerin et al. (2009) on the induction of SOS response by antibiotic exposure, and a 340 times increase of gene cassette excision and integration might be of great importance. Several studies recently showed that class 1 integron gene cassettes were introduced via manure bacteria into soil (Binh et al., 2009; Byrne-Bailey et al., 2009 . The localization of class 1 integrons on the broad-host range plasmids belonging to the IncP-1ε group further emphasizes their mobility potential. Interestingly, several of the gene cassettes previously reported from manure or manure treated soil, such as aadA, aadB, or orfD Binh et al., 2009) were also found on IncP-1ε plasmids. But in contrast to the total community DNA analysis the size of the amplified gene cassettes was larger than 1.6 kb.
This might indicate a bias of the PCR-based amplification of class 1 integron gene cassettes from total community DNA approach toward smaller fragments.
Plasmids belonging to the IncP-1ε group were captured into E. coli from soil bacteria in independent experiments. Although the relative abundance of IncP-1ε plasmids as determined by realtime quantitative PCR is relatively low and thus would not be accessible by metagenomic approaches, the ability of these plasmids to efficiently transfer allowed their capture by exogenous plasmid isolation. Furthermore, the novel trfA based quantitative PCR system provided a tool to quantify IncP-1ε plasmid abundance in total community DNA which showed a correlation between plasmid abundance and antibiotic selective pressure. In piggery manures, the relative abundance of IncP-1ε was found to be high and seemed to be correlated with the size and antibiotic usage of the pig producing facility. Interestingly the lowest abundance of plasmids belonging to the IncP-1ε group was found in manure from a pig producing facility that never used antibiotics.
The remarkable diversity of antibiotic resistance gene cassettes reported in the present study, the ability to efficiently transfer under soil conditions and the wide host range of IncP-1ε plasmids strongly suggest that these plasmids are important vectors for spreading antibiotic resistances in the agro-ecosystem.
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